Abstract. To achieve the full complex modulated range of the cascaded twisted nematic liquid crystal spatial light modulator ͑TNLC-SLM͒, we propose and demonstrate a novel amplitude compensated technique. Optical reconstructions of complex digital holograms with higher image quality are discussed in both analytical and experimental results.
Introduction
In recent years, digital holography has been investigated widely in many attractive areas, such as 3-D displays, 3-D images recognition, optical coherent tomography, digital holographic microscopy, and so on. [1] [2] [3] [4] Digital holograms can be recorded by high quality charge-coupled device ͑CCD͒ sensors and the phase-shifting technique, 5 and displayed in a dynamical spatial light modulator ͑SLM͒, which can modulate the wavefront of light in real time. 6, 7 However, the distribution of digital holograms usually is a complex field after recording procedures. A commercially available twisted nematic liquid crystal spatial light modulator ͑TNLC-SLM͒ only can modulate either phase or amplitude distribution of the wavefront individually. 8 Therefore, it is impossible to achieve the full range of complex modulation with a single TNLC-SLM panel.
For displaying complex digital holograms, we need to build a 4F system to combine two commercial TNLC-SLM panels, which are operated in phase-only and amplitudeonly modulated modes, respectively. It is called the cascaded TNLC-SLM module. If each single TNLC-SLM cannot achieve the phase-only or amplitude-only modulated mode, the variation of amplitude in phase mode or phase in the amplitude mode will reduce the complex modulated range of the commercial cascaded TNLC-SLM module, and it will degrade the image quality of the hologram reconstruction. Therefore, we have to measure the modulated characteristic of the commercial TNLC-SLM panel in both phase and amplitude modulated modes. The influence of the amplitude or phase variation for the reconstruction is analyzed and discuss. In addition, we propose a compensated method to improve the complex modulated range of the commercial cascaded TNLC-SLM module. Also, the optical reconstruction of complex digital Fresnel holograms is demonstrated, and reconstruction with higher image quality can be obtained using the amplitude compensated method.
Modulation Properties of the Cascaded Commercial Twisted Nematic Liquid Crystal Spatial Light Modulator Module
In general, the TNLC cell of a display panel is sandwiched between the polarizer and analyzer, and thus the modulated properties of the TNLC cell can be analyzed using the Jones matrix method. 9 The properties of the transmitted light through the TNLC cell depend on the applied voltage, the twist angle, and the angles of the polarizer and analyzer. For example, when the twist angle of the TNLC cell is /2, then intensity transmission T and phase shift ␦ of the transmitted light are the function of the applied voltage and the angles of the polarizer and analyzer. However, the applied voltage can be controlled by the input gray level from the computer. For the given angles of the polarizer and analyzer, the transmission and phase shift of the transmitted light is a function of the input gray level. This is called the modulated properties of the TNLC cell. In this case, we can select the suitable angles of the polarizer and analyzer to obtain the phase-mostly and amplitude-mostly modes for the commercial TNLC panel.
For measuring the modulated properties of the commercial TNLC panel, we set up a Mach-Zehnder interferometer to measure the phase modulated characteristic of the TNLC panel. The input gray level is from 0 to 255, and a diodepumped solid state ͑DPSS͒ laser with a wavelength of 532 nm is used. In addition, the transmission of the TNLC panel can be measured when one arm of the interferometer has been block. By rotating the angles of the polarizer and analyzer from 0 to 360 deg, we can obtain the intensity transmission and phase shift of the TNLC-SLM as a function of gray level with different angles of the polarizer and analyzer. From those experimental results, we can find that the TNLC panel is operated in the phase-mostly modulated mode when the angles of the polarizer and analyzer are 18 and 66 deg, respectively. The modulated properties are shown in Fig. 1͑a͒ . The maximum of the phase shift is 353 deg, but the transmission is not a constant with the different input gray level. The maximum variation of the normalized transmission is 0.8. On the other hand, when the angles of the polarizer and analyzer are 90 and 180 deg, the TNLC panel is operated in the amplitude-mostly mode and the modulated properties are shown in Fig. 1͑b͒ . The transmission can be modulated from 0 to 1, and the maximum variation of phase shift is approximately 63 deg with input gray level from 0 to 255. These results in Fig. 1 show that the commercial TNLC panel cannot be operated in either phase-only or amplitude-only modulation. Therefore, for displaying the complex digital hologram, we should align two commercial TNLC panels using a 4F system by one pixel to one pixel, shown in Fig. 2 . Even so, we still cannot get the full complex modulated range due to the nonperfect modulated property of the commercial TNLC panel. The cascaded TNLC-SLM module cannot be operated in full complex range, shown in Fig. 3͑a͒ . It will degrade the image quality of the reconstruction.
For example, we calculate a complex distribution of the Fresnel hologram using the diffraction theory. 10 Figure 3͑b͒ is the input pattern with 7.7ϫ 7.7 mm 2 , and the amplitude and phase distribution of the hologram with 13.8 ϫ 13.8 mm 2 can be calculated by computer. The distance between the input pattern and the hologram is 40 cm. According to the complex modulated properties of the cascaded TNLC-SLM module in Fig. 3͑a͒ , the reconstruction of the complex hologram also can be calculated and shown in Fig. 3͑c͒ . We can see that it is not as clear as the input pattern. This is because that the modulated range of the cascaded TNLC-SLM module cannot be operated in the full complex range. Therefore, some information of the complex digital hologram cannot be displayed on the cascaded TNLC-SLM module, thus causing the reconstructed image quality of Fig. 3͑c͒ to be diffuse. Figure 3͑d͒ shows the optical experimental reconstruction, and it is consistent with the computer simulated results. Therefore, how to increase the complex modulated range of the cascaded TNLC-SLM module is an important issue for displaying the high quality reconstruction of the complex hologram.
Amplitude Compensated Method
The complex modulated property of the cascaded TNLC-SLM module can be described as:
where A 1 and ␦ 1 represent the amplitude and phase components of the transmitted light through the TNLC1 panel, respectively. Similarly, A 2 and ␦ 2 represent the amplitude and phase components of the TNLC2 panel, respectively. In an ideal case, the TNLC1 is operated in the phase-only mode, which means that the value of the phase ␦ 1 can be adjusted from 0 to 2, and the amplitude A 1 is a constant by adjusting the input gray level g1. Also, TNLC2 is operated in the amplitude-only mode, which means that the value of the amplitude A 2 can be adjusted from 0 to 1 and the phase ␦ 2 is a constant by adjusting the input gray level g2. In this ideal case, Eq. ͑1͒ can be rewritten as:
͑2͒
Therefore, the complex modulated range of the cascaded TNLC-SLM module can be controlled by phase ␦ 1 and amplitude A 2 , which depend on the input gray levels g1 and g2 in the TNLC1 and TNLC2 panels individually. It shows that the full complex modulated range can be achieved when the TNLC panels can be operated in the phase-only and amplitude-only modulated modes. However, the commercial TNLC panel cannot be operated in the phase-and amplitude-only modulated modes. The transmission variation of TNLC in the phase-mostly mode in Fig. 1͑a͒ is large and cannot be assumed as a constant with the input gray level, and the phase variation of TNLC in the amplitudemostly mode in Fig. 1͑b͒ is smaller and it can be assumed as zero with the different input gray level. Therefore, the phase term of the complex modulation of the cascaded TNLC-SLM module still can be controlled by the phase ␦ 1 of TNLC1. For the amplitude term of the complex modulation, it will be controlled by the amplitude A 1 and A 2 , which are the functions of the input gray level g1 and g2, respectively. In this case, Eq. ͑2͒ can be rewritten as:
͑3͒
According to Eq. ͑3͒, we propose an amplitude compensated method to modify amplitude A 2 for achieving the ex- Fig. 2 The schematic diagram of the cascaded TNLC-SLM module. pected amplitude A of the complex hologram. The phase term of the complex modulation is controlled by the input gray level g1 of TNLC1. Also, amplitude A 1 of TNLC1 is given by the input gray level g1. Thus, the amplitude A 2 of TNLC2 should be modified as amplitude A of the expected complex modulation divided by amplitude A 1 of TNLC1, such as A 2 ͑g 2 ͒ = A / A 1 ͑g 1 ͒. According to this concept for compensating the amplitude variation of the TNLC2 panel, we can obtain the complex modulated range of the cascaded commercial TNLC-SLM module as Fig. 3͑e͒ . It shows that the complex modulated range with the compensated method has larger range than without the compensated method in Fig. 3͑a͒ .
In addition, the reconstruction of the digital hologram with the amplitude compensated method is calculated and shown in Fig. 3͑f͒ . Note that the reconstruction with the amplitude compensated method is clearer than reconstruction without the amplitude compensated method in Fig.  3͑d͒ . However, the modulated range with the amplitude compensated method still cannot reach the whole complex range. It is why some details of the reconstructed image are diffuse, but the image quality is improved compare to Fig.  3͑c͒ . Also, the experimental result is shown in Fig. 3͑g͒ , which indicates that optical reconstruction with the amplitude compensated method can achieve better image quality than that of the optical reconstruction in Fig. 3͑d͒ . The experimental results are consistent with the computer simulated results.
Conclusions
In summary, a novel amplitude compensated method is proposed to display the expected complex digital hologram using the cascaded commercial TNLC-SLM module, and perform better image quality of optical reconstruction of the complex digital hologram. 
